I. Introduction
The need for electronic devices with feature sizes as low as 0.25 (im has driven the design of plasma sources with capabilities beyond those offered by the conventional diode-type reactors.
This is because such a small critical dimension requires high anisotropy, which in turn requires operation at lower pressures. With conventional reactors this requirement necessitates high powers to achieve sufficient throughput However, since in the diode-type reactors the ion energy and flux are coupled together, this leads to very high ion bombarding energies which can cause damage.
To solve these problems, several sources have been introduced which can offer low pressure high density operation with decoupled ion energy and flux. One of the most promising sources is the planar RF inductively coupled plasma (ICP) source, which offers the additional advantages of simple design and good uniformity without external magnets. Typically, the ICP is examined ion densities and etching ofaluminum and photoresist9 and Beale et al. and O'Neill et al.11 have used optical emission spectroscopy to characterize an argon discharge. To date, o however, there has been only one reported study of ICP characterization at different aspect ratios0 (which we define as R/L, the ratio of chamber radius R to height L). A better understanding of how plasma parameters are affected by the aspect ratio should assist in optimizing ICP reactor designs for process uniformity and control.
In this study we determine the electron temperature, ion density, and plasma potential in a planar inductively coupled argon plasma source. The measurements are made using a cylindrical Langmuir probe at five reactor aspect ratios: R/L = 1, 1.5, 2, 3, and 4. All 
n. Experimental Apparatus and Method
A schematic diagram of the plasma sourceis shown in Figure 1 . The plasma chamber is an aluminum cylinder with an inside diameter of 30 cm and a length of 1 meter. Moveable aluminum pistons are at both ends. An aluminum electrode, 27 cm in diameter, is mounted on one of these pistons. A 2.5 cm thick by 25 cm diameterquartzplate whichseparatesour planar spiral induction coil from the plasma is mounted on the other piston. The 800 nH coil consists of three turns of copper strip, 0.06 cm wide by 1.9 cm thick, with 3 cm spacing between turns, which is placed 0.3 cm away from the quartz plate. For all measurements, the aluminum plasma chamber,pistons, and electrode are grounded. The chamber is pumped with a diffusion pump backed by a mechanical pump, giving a base pressure of about 4x10 Torn
The source is powered at 13.56 MHz with a 1000 W Henry 1000D Radio Frequency
Power Generator connected to an L-type capacitive matching network. The matching network provides a match with negligible reflected power for all the cases discussed in this article. A Bird Electronics Model 43 watt meter is placed between the generator and the matching network to measure the power absorbed in both the plasma and the matching network/power cable. In many of the recent studies, this has been the power value reported.1'6"8 In order to determine the power actually absorbed in the plasma, we also measure the power deposited in the matching network/ power cable. This is done by setting the same current in the coil with no plasma as with a plasma and measuring the power absorbed by the system. The no-plasma condition was obtained by running the system at atmospheric pressure. Current measurements were made using a Pearson Model 411 currenttransformer. To insure thatwithout a plasma we were not inducing significant image currents on the aluminum electrode which would skew ourabsorbed power measurements, we compared our power measurements with the same current settings at different aspect ratios.
No significant difference was seen. Depending on the parameters, using this method, the power actually absorbed in the plasma ranges from only 4% (with capacitive coupling) to 45% (with inductive coupling) of the power absorbed in both the plasma and the matching network/power cable. Hereafter, the expression input power refers to the power deposited in both the matching 
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where Vjis the measured floating potential ofthe probe (Jpr s 0), Te is the electron temperature in volts, and me is the electron mass. The first term on the right-hand side of Eq. (2) is the initial energy of an ion entering the sheath, and the second term is the energy gained by the ion as it traverses the sheath. For argon, the right-hand side of Eq. (2) reduces to approximately 5.2 Te.
The measurements are compared to both a global (volume-averaged) model and a 2D fluid model. The global model, as described more completely in the comparisons, assumes a uniform density except at the sheath edge. A detailed description of the model is given in reference 12.
The fluid model includes equations for electron and (Ar+) ion continuity, ion momentum balance, electron energy balance, and poisson's equation, in (r,z) cylindrical geometry. Electron flux is assumed to consist of drift and diffusion, and local, time-averaged collisional heating from the rf inductive electric field is included in the electron energy equation. The inductive heating is calculated self-consistently using the local plasma conductivity, coil currents and voltages, by solving a subset of Maxwell's equations for the time-averaged rf electric field in the plasma. A more detailed description of the fluid and powercouplingmodels using are given in references 13
and 17, respectively.
HI. Results
When taking measurements we noticed a changein the plasma as we went from low input power to high input power. At low input power, the plasma is dim and the percentabsorbedpower and consequently the ion density are low. As we increase the power, a short transition region is 
and/iff as
Here X,-is the ion-neutral mean free path, nsi is theion density atthe axial sheath edgesz = 0 and z = L, nSR is the ion density at the radial sheath edge r = R, K^z is the electron-neutral ionization rate constant, ur = (eTe/mi)^'2 is the Bohm velocity, and hq is the average center ion density assuming the flat density profile as shown in Figure 4 . In Figure 5, '4,6,7'9 in that the ion density, for each aspect ratio, depends linearly on power.
However, as shown in Figure 6 , significant quantitative differences exist among the three
sets of data (experiment, global model, and fluid model). One possible reason for the lower global model ion density values is that the model derives an average ion density and assumes a flat profile in the center. But, in reality, our radial profile measurements (see below) suggest that the ion density profile is not flat in the center but follows more of a Jq Bessel function radially (and presumably a sine function axially). To try to account for this profile and using the fact that the average of a sine function over halfacycle is 2/iz and that the average of a J0 Bessel function is « 0.43, we can change Eq. (9) to:
"0 =3.64^Sff (10) where tiq now represents the peak ion density. This expression is plotted as the dotted line in 
model also follows this trend, although the change in profiles with
aspect ratio is not as marked. As the pressure increases, the fluid model seems to follow the experimental data more closely. Note that we observe an off-axis ion density peak with our experimental data for an aspect ratio of 4 at pressures of 5 and 20 mT. This is also shown by the fluid model for the same aspect ratio at 20 mT. An aspect ratio of 4 corresponds to a radius of 15.1 cm and a length of 3.8 cm -a short squat reactor. Such an off-axis density peak can be explained by examining the inductive electric field. As discussed by Hopwood et al. and Mahoney et al., the inductive electric field peaks at approximately half the radius of the coil, and goes to zero in the center of the discharge. The absorbed power is proportional to the square of the electric field and therefore also peaks at~R/2. At most pressures and aspect ratios, because the heated electrons diffuse rapidly, the ion density is peaked in the center. At high pressures and aspect ratios, however, thermal conductivity is inhibited and axial losses increase, thus creating a peak in 17 density off-axis.
In Figure 8 , we show plasma potential Vpi versus the electron temperature Te for our five aspect ratios. Measurements are taken at the centerof the discharge. Two of the data points at each aspect ratio are at pressures of 2 and 20 mTorr, with the rest at various powers at 5 mTorr. If bestfit lines were drawn for each aspect ratio, the slopes of these lines would be 5.7,5.5,5.0, 6.0, and 7.0 for aspect ratios of 1,1.5, 2,3, and 4 respectively. These slopes, with the exception of that for the aspect ratio of 4, are reasonably consistent with the theory given in Eq. (2), which says that the slope should be 5.2. The large values of plasma potential are due to the large measured values of floating potential in our reactor which ranged from 9 to 18 V.
IV. Conclusion and Discussion
Measurements of ion density, electron temperature, absorbed power, and plasma potential have been performed for five aspect ratios at various pressures and input powers in the center of an inductive discharge. Comparisons have been made between these measurements and a global (volume-averaged) B 12,478 (1994) . 
